Abstract. Alzheimer's disease (AD) is a complex neurodegenerative disorder with largely unknown genetic mechanisms. Identifying altered neuronal gene expression in AD may provide diagnostic or therapeutic targets for AD. The present study aimed to identify differentially expressed genes (DEGs) and their further association with other biological processes that regulate causative factors for AD. The present study performed an integrated analysis of publicly available gene expression omnibus datasets of AD hippocampi. Gene ontology (GO) enrichment analyses, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and Protein-Protein interaction (PPI) network analysis were performed. The present study detected 295 DEGs (109 upregulated and 186 downregulated genes) in hippocampi between AD and control samples by integrating four datasets of gene expression profiles of hippocampi of patients with AD. Respiratory electron transport chain (GO: 0022904; P=1.64x10 -11 ) was the most significantly enriched GO term among biological processes, while for molecular functions, the most significantly enriched GO term was that of protein binding (GO: 0005515; ), and for cellular components, the most significantly enriched GO term was that of the cytoplasm (GO: 0005737; P=8.67x10 -33 ). The most significant pathway in the KEGG analysis was oxidative phosphorylation (P=1.61x10 -13 ). PPI network analysis showed that the significant hub proteins contained β-actin (degree, 268), hepatoma-derived growth factor (degree, 218) and WD repeat-containing protein 82 (degree, 87). The integrated analysis performed in the present study serves as a basis for identifying novel drug targets to develop improved therapies and interventions for common and devastating neurological diseases such as AD.
Introduction
Alzheimer's disease (AD) is one of the most common and complex neurodegenerative disorders and is characterized by a progressive decline of memory and cognition (1) . The disease is defined by specific neuropathological changes of neurofibrillary tangles (NFT) and amyloid plaques that accumulate in vulnerable brain regions (2, 3) . Neurodegeneration in the development of AD varies substantially across cell types and regions. Of note, it has been demonstrated that hippocampal CA1 pyramidal neurons are particularly vulnerable to neurodegeneration and bear NFTs during the early stages of AD (4, 5) ; however, the underlying mechanisms of their degeneration have remained elusive.
AD is thought to be caused by the dysregulation of a large number of genes and the consequent alteration of their complex interactions, which finally contributes to the broad spectrum of disease phenotypes (6) (7) (8) (9) . Microarray technology, which provides researchers with a tool to assess the expression levels of thousands of genes simultaneously, offers the possibility of gaining insight into gene networks disturbed in intricate human disease such as AD, and to obtain possible molecular clues regarding the underlying mechanisms of the pathophysiology of AD. Previous studies have used this technique to more comprehensively enhance the knowledge of the cellular and molecular changes underlying AD (10) (11) (12) (13) (14) . Although these studies have yielded significant novel insights, inconsistencies are present across these studies due to limitations based on small sample sizes and various results obtained by different groups with different laboratory protocols, microarray platforms and microarray data interpretations (15) . In
Integrated analysis of differential gene expression profiles in hippocampi to identify candidate genes involved in Alzheimer's disease
view of this, the present study integrated hippocampus gene expression datasets from multiple AD microarray studies to overcome these limitations of individual studies, resolve inconsistencies and provide significant novel insight into the complex biological processes involved in AD.
Materials and methods

Identification of eligible gene expression profiles of hippocampi of patients with AD.
Hippocampal gene expression profiling studies in patients with AD were identified by searching the Gene Expression Omnibus database (GEO; http://www.ncbi.nlm.nih.gov/geo) (16) . The following key words and their combinations were used: 'Alzheimer's disease', 'hippocampus', 'gene expression' and 'microarray.' Only experimental studies that had performed hippocampal gene expression profiling in patients with AD as well as normal control (NC) subjects were used. Non-human studies, review articles and integrated analyses of expression profiles were excluded.
Data preprocessing. Normalization is crucial for comparing different microarray datasets. The heterogeneity caused by different microarray platforms, gene nomenclature and clinical samples may make it difficult to compare the expression data directly. However, inappropriate normalization may contribute to the skewing of results and reduce their statistical significance. Consequently, a global normalization approach to minimize any inconsistencies should be included. For this propose, MATLAB Bioinformatics Toolbox was used in the present study to pre-process the raw microarray data of each study by Quantile normalization and log2 transformation to obtain intensity values.
Statistical analysis. MATLAB software, version 2013a (MathWorks, Natick, MA) was used to identify the differently expressed probe sets in the hippocampal tissues of patients with AD compared to those of NC subjects. A gene-specific t-test was performed, followed by calculation of the P-value and the effect size of the individual microarray study. Fisher's combined probability method was used to combine P-values from multiple studies, and the random effects model was used to combine effect sizes from multiple studies. Genes with an effect size >0.8 and a P-value <0.01 were selected as the significantly differentially expressed genes (DEGs).
Functional annotation of DEGs. To gain insight into the biological functions of DEGs, gene ontology (GO) classification was performed. GO provides a common descriptive framework as well as functional annotation and classification for analyzing the gene expression datasets. Furthermore, Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www. genome.jp/kegg/) pathway enrichment analysis was performed to map the potential pathways of the DEGs. The KEGG pathway database is a recognized and comprehensive database, which includes an extensive variety of biochemical pathways (17) . The online-based software GENECODIS, version 3 was utilized in the present analysis (18) .
Protein-protein interactions (PPIs) network construction.
PPI analysis allows for the assessment of protein functions at the molecular level, which are divided into the categories of cellular growth, development, metabolism, differentiation and apoptosis (19) . The detection of key protein-interacting ions in the PPI networks of AD is important for the interpretation of cellular regulatory mechanisms in the development of the disease (20) . The present study adopted the Search Tool for the Retrieval of Interacting Genes/Proteins (http://www.string-db. org/), a database of known and predicted protein interactions, to construct the PPI network and then visualized the distribution characteristics of the top 10 up-and downregulated DEGs in the network with Cytoscape software, version 3.2.0 (21).
Results
Identification of DEGs in hippocampi of patients with
AD. The present study collected a total of four datasets of gene expression profiles in hippocampi of patients with AD according to the inclusion criteria; in total, data on the gene expression in 73 samples from patients with AD and 61 samples from control subjects were analyzed. The studies containing the individual hippocampal expression profiles in patients with AD are listed in Table I (12,22-24). A total of 11,494 genes from four expression profiling studies were assessed. For the purpose of global normalization, the raw microarray data were pre-processed by Quantile normalization and log2 transformation to obtain intensity values for each probe, which were used in the gene expression profiling. Subsequently, MATLAB software was utilized to identify DEGs in hippocampi between patients with AD and control subjects. Finally, a total of 295 DEGs were regarded as significantly differentially expressed between samples of patients with AD and NC subjects (109 upregulated and 186 downregulated genes) when the threshold was set as P<0.01 and effect size >0.8. A list of the top 10 most significantly upor downregulated genes is presented in Table II . The pattern of expressional changes of the top 50 most significantly DEGs is displayed in a heat map in Fig. 1 .
The upregulated gene with the lowest P-value was ZFR, which is mainly expressed in neural tissue, but also weakly expressed in other tissue types (25, 26) , suggesting a neuronal function. A recent study identified ZFR as a putative genes associated with hereditary spastic paraplegias by using whole-exome sequencing (27) . The downregulated gene with the lowest P-value was COPG1, whose function has yet to be determined.
Functional annotation.
To investigate the biological roles of the DEGs in the hippocampi of patients with AD, the present study performed a categorized GO enrichment analysis. GO provides a common descriptive framework and functional annotation of the gene datasets. GO categories are separated into three groups: Biological processes, cellular components and molecular function. The present study examined GO categories separately using the web-based software GENECODIS. The results showed that genes associated with the respiratory electron transport chain (GO: 0022904; P=1.64x10 -11 ) and gluconeogenesis (GO: 0006094; P=2.84x10 -5 ) were significantly enriched among biological processes, while for molecular functions, protein binding (GO:0005515; P=3.03x10 -29 ) and nucleotide binding (GO: 0000166; P=5.41x10 -14 ) were significantly enriched, and with regard to cellular components, genes associated with the cytoplasm (GO:0005737; P=8.67x10 -33 ) and mitochondrion (GO: 0005739; P=1.00x10 -23 ) were significantly enriched (Table III, Fig. 2A ).
The present study subsequently performed a KEGG pathway enrichment analysis in order to further evaluate the biological roles of the DEGs. A hypergeometric test 1.0461 with P<0.05 was used as the criterion for pathway detection. According to the KEGG analysis, oxidative phosphorylation was the most significant pathway (P=1.61x10 -13 ). Furthermore, pathways involved in Parkinson's disease (P=3.77x10 -10 ) and Huntington's disease (P=2.26x10 -8 ) were also highly enriched (Table IV, Fig. 2B ).
PPI network construction. The present study established the PPI networks of the top 10 upregulated and downregulated DEGs using Cytoscape software. The interaction network included 863 nodes and 1,304 edges. In the PPI network, degrees of interaction were defined to determine the number of neighbors a node directly connected to, and nodes with a high degree of interaction were defined as hub proteins. The significant hub proteins included β-actin (ACTB; degree, 268), hepatoma-derived growth factor (HDGF; degree, 218) and WD repeat-containing protein 82 (WDR82; degree, 87) (Fig. 3) .
Discussion
The present study aimed to identify altered hippocampus gene expression and their further association with other biological processes that regulate causative factors for AD to provide diagnostic factors or therapeutic targets of AD. An integrated analysis of DEGs from four publicly available GEO datasets of hippocampi from patients with AD was performed. In total, 295 genes were consistently differentially expressed across the studies with 109 upregulated genes and 186 downregulated genes. The upregulated gene with the lowest P-value was ZFR, which is mainly expressed in neural tissue (25, 26) and may therefore have a role in neuronal function. A recent study identified ZFR as a putative gene associated with hereditary spastic paraplegias by using whole-exome sequencing (27) , and from this, the present study deduced that ZFR may be implicated in the underlying processes of AD, which is required to be confirmed by further experiments. The downregulated gene with the lowest P-value was COPG1, whose function remains to be elucidated.
In line with previous studies, certain genes identified in the present study have been closely associated with the development of AD, including S100A6 and TGFBR3. A study on the roles of S100 family proteins in nervous system function and disease found that mRNA expression levels of six family members (S100A1, S100B, S100A6, S100A10, S100A4, S100A13) displayed a 100-fold range in mouse brains, five of which (S1100A1, S100A6, S100A10, S100A13, and S100B) showed age-dependent increases in adult mice that ranged from 5-to 20-fold (28) . S100A6-protein immunoreactivity was found to be specifically located within astrocytes associated to amyloid plaques in an APP/London transgenic mouse model of AD, as well as in the brains of patients with AD. S100A6 was upregulated in the amygdala as well as in hippocampal regions (29) . Another study detected that biglycan proteoglycans were upregulated in familial AD, while TGFBR3 was markedly downregulated in sporadic AD fibroblasts. Furthermore, the differential expression of TGFBR3 in familial AD and sporadic AD cells was associated with the severity of AD (30) .
In the present study,the results of the PPI network analysis of the top 10 upregulated and downregulated DEGs indicated that the significant hub proteins included ACTB, HDGF and WDR82. ACTB, which encodes β-actin, is a candidate reference gene for normalization of target gene expression in polymerase chain reaction (PCR) analysis due to its high conservation. A previous study determined the mRNA levels of ACTB and other genes in the frontal cortex of patients with AD and control subjects using PCR analysis with SYBR Green technology to identify suitable endogenous reference genes in human post-mortem brain tissues for the expression analysis of potential candidate genes associated with AD (31); according to this study, ACTB was the least suitable candidate with reliable expression among a set of suitable endogenous reference genes due to low expression stability in the frontal cortex of AD (32) . Of note, the actin cytoskeleton has been reported to have an important role in AD pathology by mediating synaptic degeneration (32) .
In order to elucidate the biological roles of the DEGs in AD, a categorized GO enrichment analysis was performed in the present study. The results showed that the respiratory electron transport chain was the most significantly enriched GO category for biological processes. To further evaluate the biological role for the DEGs, the present study performed a KEGG pathway enrichment analysis. According to the KEGG analysis, the most significantly enriched pathway was oxidative phosphorylation. A previous study provided evidence of neuronal metabolic impairments at the transcriptomic and protein level in the brains of patients with AD (33), which was ascribed to the downregulation of mitochondria-associated genes, in particular, oxidative phosphorylation genes in consistency with the fact that AD is a degenerative disease. Furthermore, the present study found that the pathways of several neurodegenerative diseases, including Parkinson's disease, Huntington's disease and Alzheimer's disease, were also highly enriched according to the KEGG pathway enrichment analysis, which was due to dysregulation of genes associated with mitochondrial energy metabolism, including COX4I1, NDUFAB1, UQCRC1, NDUFV2, COX6A1, COX6B1. This finding validated the integrated analysis methods used in the present study.
It is noteworthy that the present study had several limitations. The heterogeneity of the datasets used may have distorted the analysis, as clinical samples may have been heterogeneous with regard to clinical activity or gender. Furthermore, the effects of varying degrees of severity of AD on the differences in hippocampal gene expression were not taken into account. However, the present integrated analysis of different datasets of hippocampal gene expression in patients with AD may have facilitated the detection of genes that would have been missed in the analysis of a single patient or study cohort. Despite these limitations, the present study provided novel information regarding the molecular mechanisms of AD; however, further analyses are required to confirm the present findings.
In conclusion, the present study performed an integrated analysis, which provided significant insight into the global molecular changes associated with AD pathology. Furthermore, the present study identified DEGs as well as other biological functions, which may contribute to the successful identification of diagnostic factors or therapeutic targets for AD and the development of effective targeted therapies. Further functional studies may provide additional insight into the role of the DEGs in the pathophysiology of AD.
